Abstract Introduction: Candida species are responsible for about 80% of hospital fungal infections. Non-thermal plasmas operated at atmospheric pressure are increasingly used as an alternative to existing antimicrobial strategy. This work investigates the action of post-discharge region of a non-thermal atmospheric plasma jet, generated by a gliding arc reactor, on biofilms of standard strain of Candida albicans grown on polyurethane substrate. Methods: Samples were divided into three groups: (i) non-treated; (ii) treated with argon plasma, and (iii) treated with argon plus air plasma. Subsequently to plasma treatment, counting of colony-forming units (CFU/ml) and cell viability tests were performed. In addition, the surface morphology of the samples was evaluated by scanning electron microscopy (SEM) and optical profilometry (OP). Results: Reduction in CFU/ml of 85% and 88.1% were observed in groups ii and iii, respectively. Cell viability after treatment also showed reduction of 33% in group ii and 8% in group iii, in comparison with group i (100%). The SEM images allow observation of the effect of plasma chemistry on biofilm structure, and OP images showed a reduction of its surface roughness, which suggests a possible loss of biofilm mass. Conclusion: The treatment in post-discharge region and the chemistries of plasma jet tested in this work were effective in controlling Candida albicans biofilm contamination. Finally, it was evidenced that argon plus air plasma was the most efficient to reduce cell viability.
Introduction
Candida species are found in the gastrointestinal tract in 20 to 80% of the healthy adult population. These commensal microorganisms become pathogenic if there are changes in host's defense mechanisms or compromised anatomical barriers secondary to burn or invasive medical procedures. The incidence of nosocomial yeast infection has increased substantially in recent decades leading to mortality rates up to 60% (Ruiz et al., 2013) . Because of the medical importance of these microorganisms, the use of new technologies is necessary for their control.
Non-thermal electrical plasmas operated at atmospheric pressure (approx. 101 kPa) are increasingly gaining attention as a potential approach to the eradication and control of infection and/or bacterial or fungal contamination. As an antimicrobial strategy, the advantages of non-thermal plasmas operated at atmospheric pressure are the simple design, low cost of construction/operation, usage of nontoxic gases, with operating conditions of gas at or near room temperature, and no harmful residues (Gaunt et al., 2006; Kong et al., 2009; Laroussi, 2002) . In last years, much effort and progress have been done in order to elucidate the exact mechanisms leading to bacterial or fungal inactivation by the action of electric plasma (Alkawareek et al., 2012; Chen et al., 2014; Laroussi, 2002; Mai-Prochnow et al., 2014; Taghizadeh et al., 2015; Traba and Liang, 2015) . It is considered that several plasma products play an important role in this process, namely reactive oxygen species (ROS), such as ozone, atomic oxygen, superoxide, hydrogen peroxide and hydroxyl radicals (Kong et al., 2009) , and reactive nitrogen species (RNS), UV radiation, and charged particles (Gaunt et al., 2006; Laroussi and Leipold, 2004; Ma et al, 2008) .
In this work, it was investigated the effect of the post-discharge region of a non-thermal atmospheric plasma jet, generated by a gliding arc reactor, with mixtures of argon and air, on standard strain biofilms of Candida albicans (ATCC 10231) grown on polyurethane substrate, the main constituent of central venous catheter. 
Methods
The fungal suspensions of standard strain ATCC  (American Type Culture Collection) of C. albicans (10231) in the concentration of 10 6 colony forming units per milliliters (CFU/ml) in Dextrose Sabouraud broth (DIFCO) were prepared, in which polyurethane plates, 2 mm thick and 2 cm 2 area, were inserted under sterile conditions. After this, the samples were incubated at 37 °C for 48 hours, under constant agitation (110 rpm) in an incubator shaker, and washed with phosphate buffer (PBS, pH 7.2 ± 0.1) to remove non-adherent cells (Vasconcelos et al., 2014) . The samples were divided into three groups: (i) control group that was not treated; (ii) the group treated with the argon plasma, and (iii) the group treated with argon plus air plasma. The experiments were performed in triplicate and the treatment with each of the two types of plasma was performed on different days. Figure 1 shows the experimental setup, and Table 1 presents the process parameters used in this work.
A gliding arc reactor was used to generate a reactive plasma environment composed of plasma jet and post-discharge regions. The gases used were argon (99.5% purity) and compressed-air generated from medical/orthodontic compressor. To generate the plasma, a 60 Hz 7500 V voltage transformer was used. Using a variac, the discharge current was maintained at around 19 mA for all investigated processes. A sample holder was placed 30 mm below the reactor, so as the sample was treated in the post-discharge region, thus preventing a high heating of the substrate surface (maximum temperature of 43 °C) by the plasma jet.
After treatment, the biofilm plaques on the samples were detached in PBS using a vortex shaker. A volume of 100 μl of the inoculum of the control group and of the treated groups were plated on Sabouraud agar and incubated at 37 °C for 48 h, after which the CFU/ml count was performed. The results are expressed as percent reduction of the number of colonies after the treatment with respect to the initial number before the treatment. Finally, 20 μl of the inoculum were used to perform the test of cell viability by the trypan blue technique (adapted from Saad-Hossne et al., 2004) .
The magnified images of the samples were obtained by scanning electron microscopy (SEM from Zeiss, 
Results
The results of the quantitative analyses, presented in Table 2 , show a reduction in the number of CFU/ml of about 85.0% for group ii (argon plasma only) and of 88.1% for group iii (argon plus air plasma). The cell viability was 33% for group ii and 8% for group iii in comparison with group i (non-treated), the viability of which was set to 100%.
SEM and OP images of each analyzed sample (substrate and groups i-iii) are shown in Figures 2 and 3, respectively. The OP results revealed that the substrate has a smooth surface with a measured quadratic roughness (Rq) of approximately 0.09 µm. By other hand, it was observed an increasing in up to two orders of magnitude (Rq = 4.75 µm), when the biofilm was cultivated on it. Additionally, it was possible to observe a difference between the surface roughness of the untreated and treated samples (2.27 µm and 1.90 µm for groups iii and iv, respectively), that can be related to the plasma treatment.
Discussion
From the CFU/ml counting, in both plasma jet compositions up to 80% efficacy was obtained in the control of the yeast colonies grown on polyurethane substrate. On the other hand, cell viability tests indicated that only about 8% of the yeast cells treated with argon plus air plasma could survive, proliferate, and/or generate other cells, demonstrating that the argon/compressed-air plasma was the most effective in Candida albicans biofilm inactivation.
The SEM images provided qualitative information on the samples, such as confirmation of the presence of biofilm, and distribution and morphology of the microorganisms. On the other hand, with the OP images it was possible to obtain quantitative data on the surface roughness of the samples, which was reduced by ~50% after treatment with the post-discharge plasma. This effect was possibly caused by increase of ROS and RNS due to insertion of air in argon plasma, which might have provoked catalytic inactivation of the microorganisms, despite the persistence of the biofilm organization. The quantitative analysis suggests a possible loss of biofilm mass with plasma treatment, which is not fully apparent in the SEM images probably because the latter were taken from a much smaller area. As final remarks, it is highlighted that the treatment of Candida biofilms in post-discharge region of an atmospheric gliding arc plasma jet is an interesting alternative to treat surfaces contaminated by microorganisms, without the direct exposure to plasma environment that otherwise would cause a fast heating of the biological sample and the polymeric substrate. This issue is relevant when the treated surface is temperature sensitive, being worth to note that the temperature measured at the surface of the polyurethane during the post-discharge treatment was 43 °C at most. 
